Conducting polypyrrole (PPY) nanotubes is a classical model system for strongly correlated disordered materials showing intriguing switching transitions from low to high conductivity states at low temperature. This switching behaviour can be tuned by incorporating gold nanoclusters to form composite nanotubes (AuPPY). Here, we present core level electronic structure studies on PPY and AuPPY nanotubes with different diameters using hard X-ray photoemission spectroscopy at room temperature. The spectroscopic data provide information on the role of diameter as well as metal cluster incorporation for a modification of the electronic structure of this important class of nanotubes. Furthermore, electrical transport measurements were performed at low temperature to extract the change in localization length and doping level in these nanotubes. Based on these results, we explain the observed electrical transport behavior of these nanotubes as the interplay of disorder and carrier concentration. V C 2013 AIP Publishing LLC.
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I. INTRODUCTION
Conducting polymer is a class of strongly correlated disordered system showing rich transport properties due to the interplay of disorder and carrier concentration. 1 It is being widely studied for its immense application in organic electronic devices. 2 It has been found that at reduced dimension these materials show strong improvements in their performance. 3, 4 One particular material in this class that has gained significant importance is polypyrrole (PPY) nanotubes. 5 PPY is one of the most widely used active component in various chemical 6 and biological sensors. 7 Electrical transport in PPY nanotubes has been a subject of intensive research, 3, 8, 11 as it not only provides a model system for testing non-Fermi liquid behaviour in conducting polymers 3, 12 but also holds huge potential in device application, 13 owing to its ease of preparation, robust environmental stability, and high electrical conductivity. It has been found that PPY nanotubes show a novel resistance switching transition to a high conducting state from a low conducting state. 3 This transition is observed above a threshold voltage and below a certain transition temperature, which strongly depends upon the diameter of the nanotubes. Such a switching behaviour opens up an enormous scope for device applications. 14, 15 These perspectives motivate further detailed studies to understand the electronic structure of these materials as a function of diameter of the nanotubes.
It has been shown recently that the switching transition can be largely tuned by incorporating gold nanoclusters in the PPY (AuPPY) nanotubes. 15 This was done by developing a single-step synthesis technique where the polymerization of nanotubes occurs simultaneously with the reduction of gold nanoclusters. This technique yields high quality nanotubes of polypyrrole-gold (AuPPY) nanocomposites, such that the gold nanoclusters are homogeneously embedded inside the nanotube walls. It was found that depending on the diameter of the nanotubes, the switching transition temperature of the gold incorporated nanotubes increases significantly to above liquid nitrogen temperature, as high as 100 K. This clearly indicates a strong metal-polymer nanotube interaction. It is therefore crucial to study the electronic structure of these composite nanotubes in order to understand their different transport properties as compared to noncomposite nanotubes, which will thus pave way for incorporating this material in real world devices. Although some brief supplementary X-ray photoemission (XPS) data on gold-PPY multi-segmented nanotubes 8 and on gold nanoparticles reduced by pyrrole 9 can be found in literature, there exists no electronic structure study using XPS for goldpolypyrrole composite nanotubes.
Here, we present results of a hard X-ray photoemission spectroscopy (HAXPES) study of the electronic structure of PPY nanotubes and gold nanocluster incorporated polypyrrole (AuPPY) nanotubes of varying diameters. HAXPES provides greater depth sensitivity compared to conventional photoemission techniques and allows the investigation of chemical and electronic properties of as-grown bulk materials as well as buried interfaces. The obtained data indicate that PPY nanotubes with smaller diameter show more disorder than larger diameter PPY nanotubes. Furthermore, the incorporation of gold nanoclusters in AuPPY nanotubes is found to lead to less disordered nanotubes, accompanied by a reduction of the carrier concentration. The results demonstrate the role played by confinement effects as well as metal cluster incorporation for engineering the electronic structure of this important class of materials, especially the interplay between disorder and carrier concentration. The obtained spectroscopic data help to explain the modification of the electrical transport properties observed for these nanotubes. Furthermore, we have performed electrical transport measurements on these nanotubes to obtain the localization length and density of states at the Fermi level. The transport data are found to be consistent with the obtained spectroscopic results.
II. EXPERIMENT
PPY and AuPPY nanotubes were synthesized using a membrane-based synthesis technique to grow polymer nanowires. In this method, polycarbonate membranes having nanopores of varying diameter were used as a template to grow nearly mono-disperse nanotubes. Details of this synthesis have been described elsewhere. 15 The nanotubes are being formed due to polymerization of pyrrole monomers inside the nanopores of the membrane in the presence of an oxidizing agent. In the case of pure PPY nanotubes, ferric chloride (FeCl 3 ) was used as the oxidizing agent. For the synthesis of AuPPY nanotubes, the oxidizing agent consisted of a mixture (1:1 volumetric ratio) of 0.5M ferric chloride and 3 mM chloroauric acid (HAuCl 4 ) solution. The obtained nanotubes were characterized by scanning electron microscopy (SEM), transmission electron microscopy (TEM), and energy dispersive X-ray (EDX) spectroscopy.
HAXPES measurements were carried out at the BW2 X-ray wiggler beamline of the DORIS III storage ring (DESY, Hamburg) choosing a photon energy of 3 keV. The total energy resolution estimated is 0.5 eV. Small photon energy drifts that may be induced by heat load variations on the double-crystal monochromator were taken care of by monitoring the position of the Au 4f 7=2 line measured from a gold foil on the sample holder. Photoelectrons emitted in the plane of photon polarization at 45 relative to the polarisation vector were recorded using a SCIENTA SES-200 electron spectrometer. All spectra were fitted using the UNIFIT software.
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Low temperature electronic transport measurements were done in Janis 4 K Closed Cycle Refrigeration Cryostat. Magnetoresistance measurements were performed using 5T Superconducting cryostat magnet of Cryomagnetics, in the presence of magnetic field aligned along the nanotube axis. All the electrical transport measurements were carried out in pseudo four probe and two probe configuration. 15 Gold contact was sputter deposited on both side of the membrane to connect these nanotubes. It was found that sputter-deposited gold contact gives low contact resistance and small depletion capacitance. 10 The I-V characteristics was measured by driving current using Keithley 2602 source-meter while measuring voltage using Agilent 34420A nano-voltmeter or Keithley 2001 Multimeter. The Magneto-resistance was measured using Agilent 33220A Function generator, SRS 570 current preamplifier, and SR 830 DSP Lock-in-amplifier. Temperature was controlled by Lakeshore 340 temperature controller with the help of a manganin wire heater (50 X).
Before each measurement, the performance of the setup was checked using standard 100 GX resistance. All the instruments were interfaced with a computer via GPIB interface. Labview (National Instruments Corp., Austin, TX) software was used for data acquisition.
III. RESULTS
The high quality of the nanotubes was confirmed using SEM ( Fig. 1(a) ). Furthermore, TEM (inset of Fig. 1(a) ) of the inner wall of AuPPY nanotubes showed the presence of highly crystalline nanoclusters embedded in the wall. These clusters consist of Au atoms as confirmed by the observed lattice spacing and EDX spectroscopy data. The electrical switching transition found in 200 nm diameter nanotubes of PPY and AuPPY ( Fig. 1(b) ) exhibits a current increase by orders of magnitude above a certain threshold voltage (V th ). When the voltage is reduced, the I-V curve does not follow its original path, rather it traces a hysteresis curve and requires a return voltage (V re ) to switch back to the low conducting state. As previously reported, 15 it was found that the switching voltage is higher for AuPPY than for PPY nanotubes ( Fig. 1(b) ). The appearance of a switching transition in these materials has been explained using a 1D Wigner crystal model for disordered systems that has characteristics similar to charge density wave (CDW) systems pinned by impurities and defects. 3 The enhanced conductivity above a threshold electric field (voltage) in the nanotubes is thus explained as being similar to a sliding CDW state where the CDW starts depinning above the threshold voltage, accompanied by a giant increase in conductivity. 3, 15 A. HAXPES measurements Survey X-ray photoelectron spectra of the PPY nanotubes revealed the presence of carbon and nitrogen as the major constituents along with oxygen and traces of iron and chlorine from the oxidizing agent, additionally gold lines are clearly observed for AuPPY nanotubes. Figures 2(a) and 2(b) show C1s photoelectron spectra measured for PPY nanotubes with 50 nm and 200 nm diameter. Both C 1s spectra are broad and asymmetric and could be fitted by four peaks consistent with previous peak assignments for polypyrrole [17] [18] [19] [20] in bulk and film samples. The lowest binding energy peaks centered around 284.6 eV and 283.6 eV correspond to a and b carbon atoms, respectively, in the pyrrole ring [17] [18] [19] as sketched in the inset of Fig. 2(a) . In the ideal case of a perfect structure, these two peaks should have the same intensities. 18, 19 However, it is well known that due to disorder and hydrocarbon impurities contributing to the XPS spectrum, the intensity of the a peak is generally enhanced. 18, 19 The third broad peak around 285.8 eV is known to arise due to disorder corresponding to non-ideal a carbon attributed to chain termination, non a-bonded carbon atoms, and carbon atoms in partially saturated rings. 18, 19 The peaks at higher binding energy of 288 eV may be attributed to an oxidation of the PPY nanotubes corresponding to the formation of carbonyl (-C ¼ O), as has been found in oxidized films of PPY. 20 The comparison of C1s spectra for 50 nm (Fig. 2(a) ) and 200 nm PPY nanotubes (Fig. 2(b) ) shows that for the higher diameter nanotube there is an enhanced density of states around the b carbon peak. The peak intensity ratio C1s nanotubes. Also, the area of the disorder related C 1s component around 285.8 eV reduces from 27% of the total C1s spectrum area for 50 nm nanotubes to 19% for 200 nm nanotubes. This strongly indicates less disorder to be present in the larger diameter nanotubes.
C1s spectra for AuPPY nanotubes of 50 nm and 200 nm diameter are shown in Fig. 3 . It was found that at a fixed diameter, AuPPY nanotubes have higher C1s(b)/C1s(a) peak ratio compared to pure PPY nanotubes. For 50 nm nanotubes, this ratio increases from 0.25 for PPY to 0.33 for AuPPY, while for 200 nm it increases from 0.47 to 0.6. Thus, there is a clear reduction of disorder in AuPPY nanotubes compared to bare PPY nanotubes. Figure 4 shows nitrogen N1s spectra for PPY and AuPPY nanotubes. All spectra could be fitted with three components corresponding to amine-like N (-NH-) atoms, imine-like N (¼N-) atoms, and positively charged aminelike N (-N þ ) atoms, typical of the polypyrrole spectrum. 8, 21 For PPY nanotubes, a pronounced shoulder is observed at lower binding energy around 397.7 eV corresponding to (¼N-), which is larger compared to that in AuPPY. For 50 nm diameter nanotubes, the area of the (¼N-) component is found to reduce from 2.4% of the total N 1s spectrum of PPY nanotubes to 1% for AuPPY nanotubes, while for 200 nm diameter it reduces from 4.3% for PPY to 2.1%. The reduced density of imine-like N atoms in AuPPY is due to the protonation of (¼N-) atoms in the presence of chloroauric acid to form (-NH-) atoms, whereby HAuCl 4 releases H atoms that attach to (¼N-) atoms. Such protonation of imine atoms to form amine-like N atoms in PPY films in the presence of acid solution is well-known. 22 This leads to a reduction of gold atoms in the process. Similar protonation of nitrogen atoms for an reduction of gold from chloroauric acid has been observed in PPY thin films. 23 Furthermore, it is found that the area of the (-N þ )-component in the N1s spectrum decreases for AuPPY compared to PPY nanotubes of the same diameter, namely from 19.4% (PPY) to 12.8% (AuPPY) for 50 nm nanotubes 8 and the present data therefore suggest a reduction of the carrier concentration in gold incorporated nanotubes.
For AuPPY nanotubes, the Au 4f core level spectra reveal the well-known doublet structure corresponding to 4f 7=2 and 4f 5=2 at 84.0 eV and 87.7 eV binding energy 9 ( Fig. 5) . However, each component exhibits a pronounced shoulder at higher binding energies. The spectra were thus fitted with two peaks, one corresponding to neutral Au 0 and the other to positively charged state of Au. The data show that gold is mostly reduced to the neutral state but some are only partially reduced to positively charged state from chloroauric acid. Comparing the data obtained for 50 nm and 200 nm diameter AuPPY (Fig. 5) , it is obvious that the ratio of the charge states depends on the diameter and the amount of Au þ is less in the 200 nm material. Figure 6 shows results of temperature dependent conductivity (r) measurements of the PPY and AuPPY nanotubes of 50 nm and 200 nm diameter. The conductivity shows a linear behaviour of ln(r) vs T À1=4 (solid line in Fig. 6(a) ) at low temperatures, whereas at higher temperatures it is a T À1 behaviour (solid line Fig. 6(b) ). This may be expected in this system, 8 where charge transport is governed by Variable Range Hopping (VRH) model 24 at low temperatures while at higher temperatures thermally activated transport dominates. For the PPY nanotubes, the VRH behaviour is found to prevail up to 28 K and 95 K for 200 nm and 50 nm nanotubes, respectively, while for corresponding diameter AuPPy nanotubes this exists up to 35 K and 199 K, respectively. The conductivity for a 3D-VRH system is given by 24 r ¼ r 0 exp½ÀðT=T 0 Þ 1=4 ;
B. Electrical transport
where T 0 is the characteristic Mott temperature that depends on the inverse of localization length (a) and density of states at Fermi level N(E F ). It is expressed as
Using 3D-VRH fitting (Eq. (1)) to the low temperature data in Fig. 6(a) , we obtain T 0 values of 6.25 Â 10 6 K, 1.34 Â 10 7 K, 2.18 Â 10 7 K, and 1.47 Â 10 8 K for 200 nm PPY, 50 nm PPY, 200 nm AuPPY, and 50 nm AuPPY nanotubes, respectively. Using these values of T 0 , we can determine the localization length (a À1 ), from the magneto-resistance measurements (Fig. 7) of these nanotubes.
In the 3D-VRH region, in the presence of a weak magnetic field (B), the magneto-resistance is known to exhibit a B 2 behaviour given by
where t 1 % 0.1, R(B) and R(0) denote the resistance in the presence and absence of magnetic field B, respectively. B C is the critical magnetic field above which a weak magnetic field behaviour given by Eq. (3) does not hold and a B 1=3 behaviour is observed. It is given by
The ln(R(B)/R(0)) vs B 2 plot (Fig. 7(a) ) and ln(R(B)/R(0)) vs B 1=3 (Fig. 7(b) ) taken at 25 K in the 3D-VRH region of PPY and AuPPY nanotubes clearly show B 2 and B 1=3 dependence of magneto-resistance at low and high magnetic field, respectively. Combining these two plots and using Eq. (3) for fitting the low field data in Fig. 7(a) , we obtain B C values of 0. with the increase of disorder. Thus, the disorder increases as the diameter of nanotubes decreases, while it decreases on incorporation of gold for a given nanotube diameter, which is also obtained from the C1s photoemission data.
Using the values of a and the corresponding T 0 in Eq. (2) In the case of PPY films and nanotubes, it is known that a change in the doping level leads to the change in the density of states at the Fermi level N(E F ). 8, 26 Thus, our results show a reduction in doping level on reduction of the diameter of PPY nanotubes as well as on gold incorporation. These findings are in concomitance to the findings of doping level change obtained from N 1s photoemission measurements.
IV. DISCUSSION
The results obtained from this photoemission study combined with electrical transport measurement give crucial information regarding disorder, carrier concentration, and multiple charge states of Au in the nanotubes and provide a possible explanation of the observed modifications in the switching transition temperature of AuPPY nanotubes. 15 Furthermore, the results may also explain the change in switching voltage observed in AuPPY compared to PPY nanotubes. 15 It is known that an increase (decrease) of the switching voltage requires either an increase (decrease) of the pinning strength or an increase (decrease) of the number of pinning sites. 3 Thus, a modification of the switching voltage cannot be explained by a single parameter.
In the nanotubes, the pinning sites are disorder related defects. The reduction of disorder in AuPPY nanotubes as concluded from the C1s photoemission spectra and electrical transport data may explain the recent electrical transport results that show an increase in switching transition temperature in AuPPY nanotubes compared to PPY nanotubes of the same diameter. 15 This is because conducting polymer nanotubes are chains of metal fibers or strands interrupted by disorder 11, 27 that show an electron ordering when the long range electronic correlation percolates across these strands over the nanotubes. 3, 28 As AuPPY nanotubes have reduced disorder, there is a higher possibility of having longer uninterrupted strands of ordered nanotubes over which long range electronic correlations can be established at higher temperatures. On the other hand, in case of pure PPY nanotubeshaving more disorder-comparatively smaller uninterrupted strands can be established. Therefore, PPY nanotubes would require lower temperatures for establishing long range electronic correlation compared AuPPY, as is expected for a system with smaller uninterrupted strands. 28 On the other hand, the analysis of N1s spectra and transport measurements show that AuPPY nanotubes exhibit reduced carrier concentration compared to PPY nanotubes of same diameter. It is therefore possible that the effect of reduced disorder observed in AuPPY nanotubes is overcompensated by a reduction of carrier concentration, thereby reducing the overall conductivity in AuPPY. This would be consistent with the current vs voltage data for AuPPY and PPY nanotubes shown in Fig. 1(b) , where at a given voltage PPY shows higher current than AuPPY. A reduced carrier concentration would also lead to weaker screening of pinning sites enhancing the pinning strength 29 possibly overcompensating the effect of reduced disorder which otherwise indicates a lower number of pinning sites. This in turn should result in higher switching voltages compatible with the observation that the switching voltage ( Fig.  1(b) ) is higher for AuPPY than PPY nanotubes of same diameter. This has also been observed in earlier electrical transport measurements. 15 
V. CONCLUSION
Using hard X-ray photoemission, the core level electronic structure of conducting polymer nanotubes of polypyrrole and Au nanocluster incorporated nanocomposite polypyrrole was studied for different diameters. In addition, transport measurements were done to compliment the spectroscopic results. The results show that the introduction of Au nanoclusters in the nanotubes as well as larger diameters of the nanotubes lead to less disordered conducting polymer chains, which is a key factor for their electrical transport behaviour. Furthermore, the carrier concentration is found to be reduced in AuPPY compared to PPY nanotubes for a given diameter. Based on these results, the enhancement of the switching transition temperature of AuPPY compared to PPY nanotubes is explained by a reduced number of pinning sites going along with a reduction of disorder. On the other hand, the lower carrier concentration deduced from the N1s spectra of AuPPY nanotubes leads to a reduced screening of pinning sites causing enhanced pinning strength, which in turn would explain the increase of the switching voltage in AuPPY. The present spectroscopic results along with the transport measurements add to a deeper understanding of how disorder and carrier concentration may affect the electrical transport properties of these nanotube materials. The type of study presented here is a powerful diagnostic tool for engineering the behaviour of conducting polymer nanotubes. It provides valuable information for a better understanding of the role of dimensionality and metal incorporation for tuning the interplay of carrier concentration and disorder.
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